Abstract
Introduction
Only a minor percentage of the total number of bacteria in a natural water sample can be cultivated by conventional techniques. The cultivability of bacteria from different habitats ranges from 0.25% in Ž freshwater to up to 2% in seawater Amann et al., . 1995; Bernard et al., 2000 . Total bacterial counts ) Corresponding author. Tel.: q49-7531-882973; fax: q49-7531-882966.
E-mail address: ingeborg.bussmann@uni-konstanz.de Ž . I. Bussmann .
Ž
. TBC , i.e. 100%, are determined by counting bacteria-like particles stained with different dyes, such as Ž . acridine orange, 4,6-diamidino-2-phenylindol DAPI Ž or Sybr Green Turley, 1993; Weinbauer et al., . 1998 . Viable counts of aerobic heterotrophic bacteria are obtained from plate counts or with the Amost Ž . probable numberB MPN technique in liquid medium, of which the latter one usually yields higher Ž . cell counts Reichardt, 1978 . Complex organic substrates have been used successfully for growth of a high fraction of bacterial cells and for isolation of numerically dominant bacterial strains from various Ž . aquatic environments Pinhassi et al., 1997 . While conventional culture techniques underestimate the number of truly viable bacteria, counting all bacteria-like particles overestimates the TBC, be-cause it includes also dead bacteria and non-living Ž . bacteria-like particles Catala et al., 1999 . In order to overcome this discrepancy, new dyes were developed to stain nucleic acids more specifically, and to distinguish between AlivingB and AdeadB bacteria by differentiating specifically between cells with and without membrane potential as a marker of active Ž . metabolism Catala et al., 1999 . On the other hand, molecular probes for in situ hybridisation to 16S rRNA were applied, and counts up to 50% of the Ž . TBC were obtained Pernthaler et al., 1998 . In context with pathogenic bacteria, the expression of Aviable but non-culturableB bacteria has been Ž . coined McDougald et al., 1998 . By now, there is little doubt that most of the non-culturable bacteria are viable, but do not exhibit detectable growth, Ž mostly due to non-suited cultivation media Amann . et al., 1995 . However, only little effort has been made to improve the media used to cultivate aerobic bacteria from natural water samples. Although no single medium can be expected to support growth of all bacteria in a mixed community, it should be possible to improve our techniques to cultivate aquatic bacteria by developing media that better reflect the conditions of microbial life in the environments sampled. Beyond minimising the gap between viable and total bacterial counts, cultivating more bacteria also implies the possibility of cultivating new, so far not cultured bacteria. The physiology and ecological role of these unknown bacterial species can only be assessed after growing them in the laboratory.
In the present study, we modified various cultivation parameters in order to find a combination which yielded significantly higher viable counts than obtained so far with conventional cultivation media.
Methods
Lake Constance is a warm-monomictic, large Ž 2 . Ž surface area 539 km and deep mean depth s 100 . m prealpine lake. After a period of eutrophication, concentrations of inorganic nutrients and dissolved Ž organic carbon decreased 0.3 mM PO ; 70 mM 4 y1
. Ž . NO ; 1-2 mg l DOC Stabel, 1998 , and today, 3 the lake is described again as oligotrophic. There are several studies on the dynamics and nutrient utilization patterns of the bacterioplankton in Lake Con-Ž . stance Weiss and Simon, 1999 , but no recent publication deals with the cultivation of this plankton community.
Samples were taken between March 1999 and Ž . August 2000 from surface water ca. 10 cm at the pier of the Limnological Institute, Konstanz-Egg, approximately 20 m from the shore. Samples were Ž . kept cold 4 8C and processed in the laboratory within 6 h.
The Amost probable numberB technique was used to enumerate heterotrophic, planktonic bacteria. Dilution series were prepared with filter-sterilized lake water. Before each transfer and before inoculating the microtiter plates, samples were mixed vigorously for 1 min on a Vortex mixer to disintegrate possible aggregates. Cultures were incubated in sterile mi-Ž . crotiter plates Nuclon , with 12 dilution steps and 8 parallels in one plate. Wells containing non-inoculated medium served as control for possible crosscontamination.
The basic mineral medium with low concentrations of inorganic nutrients contained per litre: NaCl 1.0 g; MgCl P 6H O 0.4 g; KNO 0.05 g; KCl 0.5 2 2 3 g; CaCl P 2H O 0.15 g; Na SO 0.16 g, and 1 ml 
Influence of substrate concentration
The influence of the organic substrate concentration was tested several times during 1999 and 2000.
Ž . In most experiments n s 7 , the organic substrate content ranged from 0.06% to 0.3%, 0.6% and 3% wrv. Filter-sterilized nutrient broth plus yeast ex-Ž . tract 5r6 q 1r6, wrv, Difco served as substrate.
Ž . In additional experiments n s 5 , substrate concentrations were lowered to 0.03% and 0.006%, and at two sampling dates, also to 0.003%, 0.0006% and Ž . 0.0003% wrv . To increase sensitivity of growth detection at these low substrate concentrations, incubation time was extended to 8 weeks and turbidity was measured every 2 weeks. Wells were scored positive if the turbidity increased steadily over time.
Influence of exposition to oxygen
The influence of a reduced oxygen concentration was investigated by lowering the oxygen exposure stepwise. Sample processing was separated into three Ž . Ž . steps: 1 dilution process, 2 pre-incubation of the Ž . microtiter plates, and 3 growth. As standard condition and as control, all three steps were performed under completely oxic conditions. In the experiment, Ž . three consecutive treatments were applied: a only Ž . an anoxic dilution series, b an anoxic dilution Ž series and anoxic microtiter plates to allow only for . slow diffusion of oxygen into the inoculated plate Ž . and c anoxic dilution series, anoxic microtiter plates and growth at 3% O . This experiment was repeated 2 Ž . twice 7r10r99 and 24r11r99 ; in both cases, with Ž . Ž . a low 0.06% and a high 3% concentration of organic substrate.
Tubes for the AanoxicB dilution series were flushed with nitrogen for 30 s. These tubes and the microtiter plates were pre-incubated in a desiccator for 1 week under nitrogen atmosphere with AAnaerocult AB Ž . reagents Merck . The desiccator was flushed with nitrogen every 2 days.
Influence of oxygen and substrate concentration
Three levels of oxygen and substrate were chosen to test for their mutual influence on the cell counts. Oxygen levels were 3.4 " 1.0%; 12.3 " 1.7% and 21.3 " 1.3%; substrate concentrations were 0.006%, Ž . 0.06% and 0.6% wrv . Desiccators as incubation vessels were evacuated and flushed with nitrogen Ž . three times . After the fourth evacuation, pure oxygen was added and the rest filled up with nitrogen. The accuracy of the gas mixtures was verified with a gas chromatograph with thermal conductivity detector, and the mixture was renewed every week. The desiccator with 21% oxygen was equivalent to normal air, but it was set up the same way as the other mixtures. Plates were pre-incubated for 1 week to assure that the medium in the plates was in equilibrium with the respective gas phase. After inoculation, plates were covered with sterile plate sealers Ž . Dynex Technologies to avoid contamination and to reduce evaporation.
Nitrogen and oxygen gases were obtained from Messer-Griesheim at a purity of 5.0 and at technical grade.
( ) 2.4. Influence of N-acyl homoserine lactones AHL

Ž
. A mixture of the commercially available Sigma AHL butyryl-HL, hexanoyl-HL, heptanoyl-HL, octanoyl-HL and tetradecanoyl-HL dissolved in either acetonitrile or ethylacetate was prepared and diluted to yield an aqueous stock solution containing each AHL at 20 mM concentration. This AHL mixture was added to microtiter plates to a final concentration of 0.9 mM each. To test the influence of the solvents, control microtiter plates were set up containing the solvents at the same concentration w Ž .x 0.0005% vrv , without AHL; 0.06% nutrient broth plus yeast extract served as substrate.
Comparison between Õiable and total bacterial counts
Ž
. Total bacterial counts TBC in water samples were determined with a Zeiss Axiophot microscope Ž . after DAPI staining Turley, 1993 . The TBC ob-
. tained at every sampling date s 100% was compared to the maximal viable counts obtained with the MPN technique. This relation was termed AcultivabilityB.
Results
Validation of MPN determination in microtiter plates
To investigate the influence of different incubation conditions on the number of cultivated bacteria, a cultivation system had to be established, which allowed the comparison of numerous settings with high statistical confidence. We used the MPN technique in microtiter plates. These plates allow to run numerous parallels and dilution steps, thus increasing the statistical reliability of the data. The microtiter plates are easy to measure with a plate reader, and data processing can be automated.
Preliminary tests showed that the same cell numbers were obtained with plates incubated in a desic-Ž . cator evacuated and flushed with gas as under plain air, and with or without plate sealers.
The threshold for differentiation between positive Ž . and negative wells with 0.06% organic substrate was examined with protein measurements. Highest negative dilutions had protein concentrations of 0.04 y1 Ž . " 0.01 mg ml , n s 5 . ANegativeB wells succeeding positive ones showed protein concentrations of y1 Ž . 0.07 " 0.05 mg ml n s 12 and ApositiveB wells had a protein concentration of 0.21 " 0.05 mg ml y1 , Ž . n s 17 . This demonstrates that ApositiveB wells were indeed grown with bacteria, while AnegativeB wells were not always sterile, or faint growth was not detected. Thus, our method to evaluate positive and negative wells by a 1.5 times increase of optical density over the pure medium was sometimes too strict, causing perhaps still an underestimation of MPNs. Other authors increased the resolution sensitivity by staining plus microscopic counting of the Ž . high-dilution wells Bianchi and Giuliano, 1996 , but they also admit that this method is too expensive and time-consuming for routine use.
To test whether bacteria enumerated with liquid Ž . medium the MPNs are comparable with bacteria obtained on the commonly used agar-plates, the content of highly diluted, positive and negative wells from microtiter plates was subcultured on solid me-Ž . dia with CPS agar 0.25% of organic substrate Ž . Jones, 1970 . analysis, Chi s 6.5, p s 0.01, n s 15 . The content of negative wells of the MPN never grew on the agar Ž . plates n s 9 and the content of positive wells Ž . mostly grew on agar plate five out of nine . Apparently, bacteria cultivated with low substrate concen-Ž . tration 0.06% were not able to form colonies on solid agar and were different from those cultivable on standard solid agar plates, whereas bacteria cultivated in liquid medium with higher substrate concen-Ž . tration 0.6% appeared to be similar to those growing on CPS agar plates.
Direct comparison of the viable counts obtained with the MPN technique and with agar plates revealed no significant differences. On one sampling date, MPNs were higher than counts obtained with agar plates; on two other sampling dates, identical numbers of bacteria were counted.
In order to optimise the recovery of bacteria from freshwater, different constituents of commonly used media were tested for their effect on the cultivability. Ž Initial experiments showed that HEPES buffer compared to TES, MOPS, and phosphate buffer, all 0.01 . Ž M and an incubation temperature of 16 8C ranging . from 10, 16, 20 to 30 8C yielded maximal MPNs. Ž The concentration of inorganic phosphate 15-1500 . mM had no influence on the MPN. Also, addition of Ž . glucose or acetate 3-40 mM , alone or in addition to nutrient broth plus yeast extract, did not increase Ž . the MPNs results not shown .
Influence of substrate concentration
Different concentrations of organic substrate were compared for their effect on cultivability of freshwa-( )ter bacteria. The applied substrate concentrations Ž . ranged from 0.0003% to 3% wrv nutrient broth plus yeast extract. To compare the different sampling dates, all MPNs of one sampling date were related to Ž . 0.06% organic substrate MPN at 0.06% s 1 . There was a significant relationship between the relative MPNs and the logarithm of the substrate concentration. This influence was not linear, but more in the Ž . nature of a bell-shaped curve Fig. 1 , which could be described best by a polynomial regression of Ž 2 . second order p -0.0001; r s 0.56; n s 45 , i.e. 56% of the variability of the relative MPNs could be explained with the variable Asubstrate concentrationB. Highest numbers were obtained with substrate concentrations between 0.03% and 0.06%. Both higher and lower substrate concentrations resulted in lower Ž . numbers Fig. 1 . 
Influence of exposition to oxygen
The influence of exposition to oxygen before growth on the final number of planktonic bacteria Ž . was investigated twice 7r10r99; 24r11r99 . Since bacteria growing with low or high substrate concentrations might express different sensitivities to oxy-Ž gen, two concentrations of organic substrate 0.06%, . 3% were applied. For better comparison of the two experiments, the MPN obtained in the completely oxic setting was set as 100%. At low substrate Ž . concentrations 0.06% , a completely oxic treatment of the samples yielded significantly higher cell counts Ž . This experiment was done with 0.06% A and 3% B organic w Ž . substrate and repeated twice 7r10r1999 I and 24r11r1999 Ž .x. Error bars indicate the standard error of the MPN calculation; n.d.s not determined.
than any treatment applied to reduce the exposure to Ž oxygen anoxic handling during the dilution process, anoxic pre-incubation of plates or growth at 3% O , 2 .
Ž. Fig. 2a . At high substrate concentrations 3% , no significant differences between MPNs obtained un-Ž der the different conditions could be detected 
Influence of oxygen and substrate concentration
In the following experiment, the effect of the oxygen concentration during growth at different con- 
( ) 3.5. Influence of N-acyl homoserine lactones AHL
To test whether AHL might increase the number of viable counts, a mixture of five AHL differing in the length of the acyl side chain was added to medium with 0.06% organic substrate, and counts were compared to those obtained with the same Ž . medium without AHL s 100% . This experiment Ž was repeated three times 05r07r00; 08r08r00 and . 16r08r00 . At all sampling dates, the addition of AHL to the growth medium increased the number of heterotrophic bacteria to 127%, 140% and 141% of Ž . the standard medium Fig. 4 , even though these differences were not significant. Control microtiter plates showed that the AHL mixture was sterile and did not serve itself as a growth substrate. In further control plates containing the corresponding concen-Ž . tration of solvents acetonitrile or ethylacetate with-Ž . out AHL, less bacteria 45% were grown compared to the standard medium.
Comparison between Õiable and total bacterial counts
To check if the medium modifications really increased the cultivability, viable counts were com-Ž . pared to the total bacterial counts TBC . During the investigation period, the TBC in Lake Constance water changed between 8.7 = 10 3 cells ml y1 in November 1999 and 2.2 = 10 5 cells ml y1 in August 1999. Secchi depths measured every other week were taken as estimates of primary productivity over Ž the year the water depths at which a white circular plate lowered into the water disappears is defined as . the Secchi depth . TBC roughly followed the course Ž . of primary productivity in 1999 Fig. 5a . High counts were obtained during the spring bloom and during the second bloom in summerrautumn. During the clearwater phase and in winter, the TBC decreased. Maximal MPN at each sampling date were compared with TBC. Overall, the cultivability
Ž . Ž . Fig. 5 . A Secchi depth`and total bacterial counts after staining with DAPI v in surface water of Lake Constance during the year Ž . Ž . Ž . 1999. B Total bacterial counts stained with DAPI I and the corresponding Amost probable numberB with standard error. The Ž cultivability is also indicated. The water depths at which a white circular plate lowered into the water disappears is defined as the Secchi . depth. The Secchi depth is taken as an estimate of primary productivity.
ranged from 1% to 37%. During the blooms in Ž . March and August, the cultivability 17% and 5% did not differ substantially from that observed during Ž . the clearwater phase and in winter 37% and 1% Ž . Fig. 5b . 
Discussion
In order to obtain higher viable counts of heterotrophic planktonic bacteria, we varied the medium composition and incubation conditions. Surface water of Lake Constance was used to enumerate bacteria with the Amost probable numberB technique. The medium composition which yielded maximal viable counts was defined as the most suitable one and was compared to the TBC.
At least in oligotrophic environments, concentrations of organic carbon and substrate for hetero-Ž y1 . trophic bacteria are very low 1-2 mg DOC l , and only 5-36% of this pool is considered labile Ž . Weiss and Simon, 1999 . Most bacteria appear to be well adapted to these low concentrations and to Ž . survive in a starvation state Morita, 1997 . How-Ž ever, commonly used media for cultivation and . enumeration of heterotrophic bacteria from environmental samples apply much higher substrate concen-Ž y1 . trations ca. 1.5 g C l and consist of low molecular, labile compounds. Thus, we assumed that higher viable counts could be obtained by lowering the
. substrate organic carbon concentration, and thereby mimic the in situ conditions better.
In the present study we showed that there is a systematic correlation between viable counts of heterotrophs and the substrate concentration in the medium. For Lake Constance, we found optimal organic substrate concentrations of 0.03-0.06% Ž . wrv , and significantly lower counts at higher and lower substrate concentrations.
Earlier observations already indicated that lowering the substrate content of an enumeration medium Ž . Ž 0.2-0.1% leads to higher cell counts Jones, 1970; . Mikell et al., 1996 , however, without showing a direct correlation. There are only few investigations Ž . on the influence of very low -0.06% substrate concentrations on the counting efficiency. In Antarctic Ocean waters, more bacteria could be enumerated with media containing 0.06% substrate than with Ž . 0.00006% substrate Tan et al., 1996 . Our results imply that enumerations in oligotrophic environments with the commonly used media CPS, R2A, or the marine ZoBell medium with high concentrations Ž of organic substrate 0.25%, 0.3% and 0.6%, respec-. Ž . tively Reichardt, 1978 will necessarily yield only low counting recoveries. Whether this result obtained with water of oligotrophic Lake Constance can also be extrapolated to eutrophic lakes or sediments has to be further investigated.
Although the various complex media used differ in their composition, with tryptone, peptone, beef extract, or yeast extract as the most common ingredients, former studies have shown that the specific composition has only a minor influence on the num-Ž . ber of viable heterotrophic bacteria Jones, 1970 . This was confirmed also in a recent, more refined Ž . study Bartscht et al., 1999 . In this study, we could not find a deleterious effect of oxygen on bacterial growth, as reported by Ž . Ž . Olson et al. 2000 and Xenopoulos and Bird 1997 . At low substrate concentrations, lowering the oxygen concentration always resulted in lower cell counts, whereas bacteria growing at high substrate concentrations were hardly influenced by the oxygen concentration. But since these bacteria occurred only in low numbers, it may be stated that the majority of bacteria that originate from oligotrophic surface waters is well adapted to the ambient oxygen concentration. This is supported by a study on groundwater bacteria; anoxic incubation recovered only 17% of the heterotrophic plate count obtained under oxic Ž . conditions Shirey and Bissonnette, 1997 . Most bacteria in aquatic environments endure very low substrate concentration and are, therefore, Ž thought to be mostly in a starvation phase Morita, . 1997 . In Vibrio Õulnificus, protective hydroperoxidase enzymes are induced during starvation, and Ž only these pre-adapted cells can survive Bloomfield . et al., 1998 . A sudden transfer of Escherichia coli, V. Õulnificus or Micrococcus luteus cells to nutrient-rich agar at temperatures optimal for enzyme activity initiates an instantaneous production of Ž superoxide and other radicals Bloomfield et al., . 1998 . If such temperature or nutrient stress situations are avoided, the oxidative stress is easier to overcome. It is also open whether bacteria from an oligotrophic environment and cultivated at low organic substrate concentrations behave the same way as those ones used in most studies on the effect of Ž hydrogen peroxide Arana et al., 1992; Mizunoe et . al., 1999 . Another aspect of bacterial physiology possibly influencing cultivability is intercellular communica-Ž . tion by N-acyl homoserine lactones AHL as extra-Ž . cellular signal molecules Eberl, 1999 . AHL might Ž stimulate growth in multicellular aggregates Mc-. Lean et al., 1997 , but would be diluted to ineffective concentrations in MPN assays. Therefore, addition of exogenous AHL might increase the viable counts, as we observed in our experiments. The observed trend is supported by the solvent control, which indicates an inhibiting effect of the solvents on growth. Although our knowledge on AHL-mediated quorum sensing phenomena in laboratory cultures is increasing, the ecological role of AHL is far Ž . from being understood Eberl, 1999 . One can speculate that AHL switch on specific genes necessary for Ž growth, e.g. for siderophore production Guan et al.,
. Ž 2000 , for superoxide dismutase and catalase Has-. Ž sett et al., 1999 , or for starvation survival Thorne . and Williams, 1999 . Certainly, more detailed studies are required to elucidate the probably important ecological role of AHLs in the environment and their effect on cultivability.
Beyond the comparison of different medium composition with the subsequent MPNs, we also compared our viable counts with the total bacterial counts ( )Ž . TBC obtained after DAPI staining. In general, our TBC values are lower than those described previ-Ž . ously Simon et al., 1998 . This may be due to the fact that we sampled only the upper surface waters Ž . ca. 10 cm and not those in 1-3-m depth. At this shallow depth, photo-inactivation may lead to lower Ž . cell numbers Joux et al., 1999 . The maximal MPN at each sampling date were related to the TBC. During and after phytoplankton blooms, we could not recover more bacteria than during winter when the substrate supply for heterotrophic bacteria should be short. Although the community structure of the bacterioplankton in Lake Constance varies with the Ž . season Zwisler, 2000 , for this study on the cultivability of bacterioplankton, we decided to neglect this aspect and calculated the average cultivability.
Ž . The mean cultivability was 18 " 11% n s 8 . Thus, our average cultivability was substantially higher Ž . than, e.g. 0. 25% Jones, 1977 or max. 7%, as found Ž in a recent, more refined study Bartscht et al., . 1999 . In the oligotrophic marine environment, higher Ž . cultivabilities 60% and 100% could be obtained only by a very sensitive assessment of growth at Ž very low substrate concentrations i.e. the natural . Ž organic substrate content of sterile seawater Bi-. anchi and Giuliano, 1996; Button et al., 1993 . In the present study, we increased the cultivability of bacteria in lake water samples mainly by decreasing the substrate concentration in the medium. Nonetheless, there is still a gap to close between our 18% and the theoretical 100%. The Amost probable numberB method relies on the assumption that every Ž . single cell will grow Cochran, 1950 and, consequently, cause a detectable turbidity increase. Staining and microscopic counting of high-dilution wells could increase the sensitivity and consequently the Ž . cultivability Bianchi and Giuliano, 1996 . On the Ž . other hand, the TBC generally set as 100% obtained by staining probably has to be considered critical as well. Some studies propose that DAPI and acridine orange staining techniques overestimate the Ž bacterioplankton abundance Catala et al., 1999; . Pinhassi et al., 1997 . Thus, by correcting the bacterioplankton abundance, the cultivability of heterotrophic bacteria would increase accordingly. However, additional improvements of the medium to cultivate the majority of freshwater bacteria are still needed. Some aspects have been investigated in this study; others, such as a more thorough study on the influence of AHLs, factors stimulating the resuscitation of dormant cells or to substitute the undefined complex media still need to be taken into account.
